Abstract. Radio tomography is a technique for generating images of the spatial structure of ionospheric electron density over a wide area. This paper assesses the potential use of radio tomography in HF oblique propagation and ray tracing applications. Synthetic ionograms produced by ray tracing through tomographic images and ionospheric models have been compared with experimental oblique ionograms from six paths lying close to the image plane in the United Kingdom. In particular, study has been made of the effects of various types of input information used to constrain the vertical electron density structure in the tomographic reconstructions. It was found that use of a fine height resolution (5 km) and incorporation of information from one vertical ionosonde in the reconstruction process makes significant improvements to the overall reliability of the tomographic image. As expected, E layer propagation is better defined using a climatological model than by tomography. However, in comparison with three ionospheric models, use of tomographic images can significantly reduce the RMS error in the determination of the F 2 layer maximum usable frequency.
Introduction
Wide area imaging of ionospheric electron density is important for both geophysics research and radio system operation. There are a number of complementary techniques, which can be used to achieve this. While scans by incoherent scatter radars can provide images of the ionosphere, widespread use of the technique is limited by cost. Networks of ionosond½s can also be used to generate information about the ionosphere over wide areas, and they are relatively inexpensive. However, ionosond½s are unable to image above the height of peak electron density and are often subject to D region absorption, blankcting sporadic E layers, and scattering of the returned signals. Interpolation between the discrete measurements is also subject to considerable error. Radio tomography is an approach that provides high-resolution images of ionospheric electron concentration, both above and below the F region peak over an extended spatial region. Using passive reception of transmissions from satellites in low Earth orbit, the technique is relatively inexpensive, and interpolation within or close to the orbital plane is not a problem.
Tomographic images are produced by determining the total electron content (TEC) (integrated electron density) along satellite-ground paths by measuring the phase difference between two phase-locked radio transmissions from a satellite in polar orbit. A chain of tomography receivers situated approximately along the meridional orbital plane is used to measure the TEC on a large number of intersecting paths from which a two-dimensional image of electron density may be reconstructed. Reference to recent work on radio tomographic imaging is given by Kersley et al.
[1997] and Pryse et al. [1998] , and a wider review is given by Leitinger [1999] .
Ionospheric tomography is a "limited angle" technique since few rays cross the ionosphere at shallow angles of incidence. In consequence, certain a priori conditions must be used to constrain the vertical profile in the reconstruction process. Furthermore, use of additional input information from ionosondes has been shown to aid the imaging procedures.
For radio systems applications it is important that the accuracy of the ionospheric ray tracing be well matched to the electron density specification. For high-accuracy numerical and analytic ray tracing, ionospheric tomography may provide that high-accu- Ionosondes at Chilton (51.5øN, 1.3øW) and Lerwick (60.2øN, 1.2øW) (Figure 2 ) recorded vertical incidence (VI) ionograms at 30 min intervals. These ionograms were used to infer the electron density profile above each station (up to the peak of the F region ionosphere) using the polynomial analysis (POLAN) inversion procedure [Titheridge, 1979 [Titheridge, , 1985 . Ionograms recorded within 15 min of a satellite pass were inverted and used as a priori information to guide the tomographic reconstruction. 
Tomographic Reconstructions
For the tomographic reconstructions, absolute TEC was estimated using a multistation development of the least squares calibration method described by Leitinger et al. [1975] . Compensation for the longitude difference between the satellite and the receiver was made using a cosine correction at the zenith angle of the ray path at 350 km altitude during nighttime and 280 km during the day. The tomographic images have been reconstructed using a derivative of the discrete inverse theory (DIT) method described by Fremouw et al. 
Ray Tracing Through Tomographic Images and Model Ionospheres
A homing procedure, described by Rogers et al. [1999] , was incorporated into the SMART ray tracing algorithms such that synthetic oblique ionograms could be produced through various tomographic and model specifications of the ionosphere. Five variants of the DIT-ART tomographic reconstruction procedure were examined. These methods are labeled A to E and summarized diagrammatically in Table 1 . In method A the grid of electron densities was created at 15 km height intervals and the algorithm incorporated electron density profiles derived from VI ionograms recorded at Chilton. Method B used a finer height resolution of 5 km while still incorporating Chilton data. In method C, electron density profiles derived from both Chilton and Letwick ionograms were incorporated while still retaining the fine height resolution. Both methods D and E reconstructed the tomographic image at 5 km height intervals, but neither made use of ionosonde measurements. Methods A to D included Chapman functions representing both the E and F regions in the set of orthonormal functions used in the tomographic reconstruction algorithm, but method E was unique in that the Chapman functions used represented only the F region profile. In general, the electron density was extrapolated to a zero base at a height of 80 km. Times were identified when experimental OI ionograms were available within 10 min of satellite passes for which the maximum elevation of the ray path was greater than 80 ø . This condition was imposed to ensure that the tomographic images were representative of the ionosphere over the U.K. IRIS paths It can be noticed from Figures 4 and 5 that the climatological FAIM and IRI-95 models both yield smaller average overestimates in MUF(E) than the best tomographic methods. Since the E region ionization at midlatitudes makes only a very small contribution to the overall TEC, the structure of this layer is inevitably poorly defined in any tomographic image. However, in HF oblique propagation, the path of the ray may be greatly affected by the E region, either acting as a reflector or defining the launch angle into the F region. The general behavior of the midlatitude E layer under solar control is well understood and modeled. Thus a possible practical approach to using tomographic imaging for ray tracing might be to employ a climatological model to specify the E region density while leaving the normal reconstruction procedures to recreate the density structures of the F layer.
The fmin (F) Comparisons
The parameter fmin(F) is effectively a measure of the fo E at the path midpoint and was only scaled when a clear frequency cutoff was observed (i.e., at the point of asymptotic group retardation). The fmin(F) was more difficult to scale on the longer paths. When using the tomographic images, the overestimates were found to be slightly reduced when ionosonde electron density profiles were included in the reconstruction (methods B and C) as compared with method D, though the improvement over the climatological models was still only marginal. The fmin(F) errors for tomographic method A were the lowest of all the ray tracing techniques. 
Conclusions
The potential use of a number of radio tomographic reconstruction techniques to HF oblique propagation has been assessed by comparing synthesized oblique incidence ionograms with oblique ionograms recorded experimentally over six U.K. paths. Comparisons of ray-traced, synthetic oblique ionograms with real ionograms from the IRIS sounder network have shown the importance of using a fine height resolution and including electron density profiles deduced from vertical incidence ionosondes in the tomographic reconstruction process. While all of the reconstruction methods used here overestimated the F region MUFs, the tomographic techniques matched those recorded on the experimental OI ionograms much better than the MUFs based on models. However, the virtual height of the F region tended to be underestimated when using the tomographic methods to specify the ionosphere, possibly as a consequence of the electron densities in the E and the E-F valley regions being consistently too low in the tomographic images.
It was found that the FAIM and IRI-95 models provided a better representation of the E region MUF than those estimated using the tomographic images. Thus it is suggested that in a practical application to an HF system a hybrid solution might be found, whereby a climatological model might be used to represent the E region as an input to the reconstruction process with the tomographic techniques being used to provide a reliable description of the latitudinal structure of the F region.
